In Brief
Meyer and Bucci demonstrate that simultaneously increasing neural activity in the nucleus accumbens and decreasing activity in the orbitofrontal cortex using chemogenetics impairs inhibitory learning and behavioral control. The findings inform the functional consequences of imbalanced activity in these areas as observed during adolescence. 10]. Accordingly, activity is disproportionately higher in NAC than in PFC, which may contribute to impulsivity and risk-taking exhibited by adolescents [5, 6, [10] [11] [12] . Despite having explanatory value, support for this notion has been solely correlational. Here, we causally tested this using chemogenetics to simultaneously decrease neural activity in the orbitofrontal cortex (OFC) and increase activity in NAC in adult rats, mimicking the imbalance during adolescence. We tested the effects on negative occasion setting, an important yet understudied form of inhibitory learning that may be particularly relevant during adolescence. Rats with combined manipulation of OFC and NAC were impaired in learning to use environmental cues to withhold a response, an effect that was greater than that of either manipulation alone. These findings provide direct evidence that simultaneous underactivity in OFC and overactivity in NAC can negatively impact behavioral control and provide insight into the neural systems that underlie inhibitory learning.
RESULTS
Many stimuli that humans and other animals encounter can have multiple meanings that depend on the environmental setting, or context, in which they occur. Thus, an essential aspect of behavioral control is the ability to use environmental cues to guide appropriate responses [13, 14] . Accordingly, while it is necessary to learn the conditions in which emitting a response to a stimulus will result in a desired outcome, it is also imperative to learn the conditions in which responding will not be associated with a desired outcome and should therefore be withheld. To use a common example, a crosswalk (stimulus) can indicate a safe place to cross the street (response). However, the response should be withheld if a car (environmental cue) is about to pass through the crosswalk.
Despite the importance of this form of learning (referred to as ''negative occasion setting'' or ''context monitoring'') for adaptive behavioral control [13] , very little is known about the neural systems that support it. This is particularly important to address because emerging evidence suggests that adolescent humans and other animals experience difficulty using environmental cues to withhold behavior [2, [15] [16] [17] [18] , which might contribute significantly to the impulsive tendencies and heightened risktaking that characterize adolescence compared to other age groups [6] . Consistent with this, we have shown that adolescent rats require twice as much training as either adults or pre-adolescents to learn to inhibit behavior in a negative occasion setting procedure [19, 20] . During this procedure ( Figure 1A ), rats receive daily training sessions consisting of reinforced trials in which a ''target'' stimulus (tone) is presented by itself and followed immediately by delivery of food reinforcement. On intermixed non-reinforced trials, a ''feature'' cue (light) is presented just before the tone and no reinforcement occurs on those trials. In this way, the feature acts to ''set the occasion'' to disambiguate the meaning of the target stimulus and indicate when a response should be emitted or withheld [21] . Furthermore, like the relationship between the car and the crosswalk, the relationship between the feature and the target is very specific in that the feature cue does not gain general inhibitory properties that transfer to other stimuli [22] .
Additionally, it remains unclear whether and how the combination of excessive activity in NAC and hypoactivity in PFC that exists during adolescence ( Figure 1B) [2, 5, 6, [9] [10] [11] [12] causally contributes to difficulties in behavioral control, largely because of the lack of viable means to simultaneously manipulate neural activity in two brain regions in different directions over an extended period of training. We addressed both of these issues by using a novel variant of the chemogenetic approach Designer Receptors Exclusively Activated by Designer Drugs (DREADDs [23, 24] ), to simultaneously decrease neural activity in PFC and increase activity in NAC while rats were trained in negative occasion setting (Supplemental Experimental Procedures). Briefly, the DREADDs approach involves infusing a virus containing the DNA for a synthetic G protein-coupled receptor (GPCR) into target neurons. The ''designer receptor'' is expressed in the neuronal membrane and is insensitive to any endogenous ligands. It can be activated for about 2 hr [25] only by systemic administration of the designer drug (clozapine-N-oxide; CNO), which is an otherwise inert molecule that does not interact with any endogenous receptors [23, 24] .
In experiment 1, we infused a virus (AAV8-HA-hM4Di-IRESmCitrine, abbreviated hM4Di) containing the DNA for a synthetic inhibitory GPCR into OFC neurons, and a virus (AAV5-HAhM3Dq-IRES-mCitrine, abbreviated hM3Dq) containing the DNA for an excitatory GPCR into NAC of adult rats (Supplemental Experimental Procedures). Injection of CNO attenuates the activity of neurons expressing hM4Di as shown previously [24, [26] [27] [28] and, conversely, lowers the threshold for firing action potentials in neurons expressing hM3Dq [23] [24] [25] . Thus, concurrent activation of both receptors results in a simultaneous and counter-directional manipulation of neural activity in OFC and NAC that mimics the imbalance observed in adolescence [5, [10] [11] [12] . We targeted the OFC because of its role in representing contingencies between predictive stimuli and reward outcomes [29] [30] [31] and updating response patterns after a change in outcome value [32] . Importantly, representations of outcome expectancies in OFC manifest in the regulation of reward-related impulses [33, 34] . In addition, hypoactivity particularly in the OFC is thought to negatively impact behavioral control in adolescents [9] . NAC, on the other hand, mediates motivational impulses triggered by reward-related cues and is integral in representing the value of potential reward [35] [36] [37] .
An example of conditioned responding over the course of training in the negative occasion setting procedure is illustrated in Figure 2A . Comparable to intact adult rats in our prior studies [19, 20] , the vehicle-treated control group in experiment 1 required 13 training sessions to consistently exhibit a significant difference in responding to the tone on reinforced versus non-reinforced trials ( Figure 2B ; Z = 2.60, p < 0.005, see Supplemental Experimental Procedures for data analysis). This is also illustrated in the summary graph in Figure 3 . In contrast, rats that were infused with both viruses and treated with CNO required 22 training sessions (Z = 3.60, p < 0.001, Figure 3 ) to exhibit differential responding to the tone. In line with these data, CNOtreated rats required significantly more training sessions than vehicle-treated rats to reach the criterion of three consecutive sessions with a discrimination ratio >0.5 (Supplemental Experimental Procedures) [t(22) = 1.7, p < 0.05]. Thus, the simultaneous increase in NAC activity and decrease in OFC activity resulted in a substantial delay in learning to inhibit responding to the tone when it was preceded by the light. This effect was not due to changes in baseline activity or effects on motivation to consume the food pellets (see caption for Figure 3 ). However, it was possible that the impairment resulted not from the combination of hypoactivity in OFC and hyperactivity in NAC per se, but from one of the manipulations alone.
To test this possibility, rats in experiment 2 received only infusions of hM4Di into OFC. Half of these rats were injected with CNO, and half were injected with vehicle prior to each training session. We also included another set of control rats that received infusions of a virus that is identical to hM4Di but does not contain the gene for the designer receptor (AAV8-hSyneGFP, abbreviated GFP) to control for non-specific effects of viral infusion. Half of these rats received CNO, while half received vehicle to also test for non-specific effects of CNO. As shown in Figure 3 , rats in the hM4Di-CNO group required 14 sessions to exhibit differential responding to the tone (Z = 2.46, p < 0.01). In contrast, rats in each of three control groups required only ten to 11 sessions (hM4Di-Veh group, Z = 3.41, p < 0.001; GFP-CNO group, Z = 5.05, p < 0.001; GFP-Veh group, Z = 2.54, p < 0.01). In addition, rats in the hM4Di-CNO group required significantly more sessions than controls to consistently exhibit a discrimination ratio >0.5 [t(24) = 1.9, p < 0.04]. Thus, dampening the activity of OFC neurons alone did not affect negative occasion setting to the same extent as when it is cooccurred with hyperactivation of NAC. In addition, the comparable performance among the three control groups indicates that the behavioral effects cannot be attributed merely to viral infection itself or to CNO. Further, infusion of hM4Di into other regions of PFC, such as prelimbic cortex, were without effect (data not shown) suggesting that negative occasion setting is sensitive to decreases in activity in OFC in particular. Similarly, experiment 3 tested whether hyperactivation of NAC alone would impact negative occasion setting. Rats received infusions of either hM3Dq or the GFP control construct into NAC and half of the rats in each group received CNO, while the other half received vehicle injections. As shown in Figure 3 , rats in the hM3Dq-CNO group required 18 sessions (Z = 2.76, p < 0.005) to exhibit differential responding to the tone. In comparison, rats in the three control groups required 11-12 sessions to discriminate the dual meaning of the tone (hM3Dq-Veh group, Z = 2.66, p < 0.005; GFP-CNO group, Z = 2.34, p < 0.01; GFP-Veh group, Z = 5.28, p < 0.001). Rats in the hM3Dq-CNO group also required significantly more sessions than controls to consistently exhibit a discrimination ratio >0.5 [t(20) = 2.6, p < 0.01]. Thus, like attenuating activity in OFC, overexcitation of NAC alone also increased the number of sessions that were required to exhibit significant discrimination between the trial types, but the effect did not reach the magnitude produced by the combined manipulation of OFC and NAC. This suggests that combined alteration of activity in OFC and NAC may have an additive effect on behavior. Importantly, attenuating activity in NAC by infusing hM4Di instead of hM3Dq only mildly impacted behavior (data not shown), indicating that it is specifically hyperactivity in NAC that adversely affects negative occasion setting.
In each of the three experiments, expression of the DREADDs receptor in OFC and/or NAC was comparable and evident along the rostro-caudal extent of each region (Figure 4) . Few fluorescent neurons were observed outside of the target region. In addition, for each experiment, the manipulations did not substantively impact baseline responding, overall conditioned responding to Significant difference is defined as Z score R 2.325, p < 0.01 for three consecutive sessions; see Supplemental Experimental Procedures. Data in black are from experiment 1 (combined manipulations of OFC and NAC), data in blue are from experiment 2 (manipulation of OFC alone), and data in red are from experiment 3 (manipulation of NAC alone). Rats with combined manipulation of OFC and NAC required more training to consistently exhibit a significant difference in responding to the tone on reinforced versus non-reinforced trials compared to either manipulation alone (see Results). Dotted line indicates the mean number of sessions for all control groups in the study (the individual control groups in each experiment exhibited comparable learning (see Results); thus, only the controls that received the DREADDs virus and vehicle treatment are shown). All groups in experiments 1 and 2 exhibited low levels of baseline responding during the Pre-CS epoch (Ps > 0.3; see Supplemental Experimental Procedures). In experiment 3 there was a significant group difference [F(3,40) = 4.74, p < 0.01] in that the NAC-hM3Dq-CNO group had higher levels of baseline responding than rats in the NAC-GFP-CNO group, but there were no differences compared to either NAC-hM3Dq-vehicle or NAC-GFP-vehicle rats. Similarly high levels of feeding behavior during the Post-CS epoch were observed each experiment (Ps > 0.1). There was no effect of group on time spent rearing during the light in any experiment (Ps > 0.1). In addition, food cup behavior during the light was low (on average 0.75 s) and did not differ between groups in experiments 1 or 2 (P's > 0.7). In experiment 3, a main effect of group was observed [F(3,40) = 4.24, p < 0.05], which was driven by lower levels of responding by rats in the NAC-GFP-CNO group relative to rats in the NAC-hM3Dq-CNO and NAC-hM3Dq-VEH groups and thus cannot explain the primary impairment observed in the NAC-hM3Dq-CNO group. Furthermore, although all groups showed a slight increase in responding during the first few sessions (likely attributable to a decrease in rearing during these same sessions), we did not observe any other changes in food cup responding during the light across training. OFC, orbitofrontal cortex; NAC, nucleus accumbens; CNO, treatment with clozapine-N-oxide; VEH, vehicle-treated control group.
either the feature or target cue, or the motivation to consume food pellets.
DISCUSSION
The findings presented here provide the first direct evidence that an imbalance in PFC-NAC activity resulting from concurrent hypoactivity in PFC and hyperactivity in NAC, like that observed during normal adolescence, impacts behavioral control. Indeed, in experiment 1, simultaneously attenuating the activity of OFC neurons and exciting NAC neurons produced a delay in learning to use environmental information to successfully withhold behavior that mimicked the delay exhibited by adolescent rats compared to either adults or pre-adolescents [19, 20] . Difficulty using negative occasion setters may contribute to the propensity of adolescents to be more impulsive and to engage in more risk-taking behavior compared to other age groups [5, 6, [10] [11] [12] 38] . Insofar as abnormal activity in PFC and/or NAC is also associated with addiction and other forms of mental illness, these findings also have bearing on understanding the basis of dysfunctional behavioral control in a variety of populations [3, 4] .
The present data also inform our understanding of the neural systems that support negative occasion setting. Indeed, despite the importance of negative occasion setting for appropriate behavioral control, very little is known about the neural substrates that mediate this form of inhibitory learning. Instead, most prior research on inhibitory control has focused on the neural systems that underlie stopping a response that is already in progress (e.g., Stop-Signal Reaction Time task) [39] rather than withholding a response in the first place. Studies of inhibition using ''go/no-go'' procedures also do not tap the same processes as negative occasion setting since the go and no-go stimuli are distinct cues and there is no ambiguity to resolve [2, 15, 40] . Moreover, most prior work on inhibition has considered the effects of neural manipulations on performance of a previously learned task, rather than on acquisition of inhibitory behavior. Here, we demonstrate that the ability to learn to use environ- mental cues to withhold behavior involves both OFC and NAC, in addition to a balance in activity between them. The effect of dampening activity in OFC is consistent with the notion that OFC is necessary for updating response patterns and also indicates that OFC may have a more general role in mediating cue representations under conditions of ambiguity. Specifically, OFC is involved in encoding the reward predictive value of cues relative to the environment [32, 41, 42] , which is integral to establishing the contingencies under which a cue may lead to a reinforcing outcome. Furthermore, information about the reward contingencies of a cue can be used to resolve the appropriate course of action when that cue is encountered [43] . Thus, attenuating activity in OFC may affect negative occasion setting by impairing the ability to use the feature to disambiguate whether or not the target will be reinforced.
The effect of NAC overexcitation may reflect the role of NAC in attributing incentive-salience to reward-related cues, which has been shown to invigorate approach behavior [44] . Thus, one explanation for the impairment following overexcitation of NAC is that the excitatory properties of the target stimulus are encoded with a disproportionately high value. In other words, NAC-mediated approach behaviors may outweigh the inhibitory control processes that normally predominate when the feature is present. Additionally, NAC is involved in the integration of cues processed by frontal lobe regions into reward representations, particularly when the appropriate course of action is uncertain [45] . As a result, negative occasion setting may be impaired because responding appropriately to the target depends on the incorporation of information about the feature, which likely requires communication with frontal lobe regions [46] . Indeed, OFC and NAC may work in concert to encode and represent information about the target, the feature, and the contingency between them, a process that may be impacted during adolescence [9] . Commensurate with this, juveniles may need to engage PFC to a higher degree in tasks requiring inhibition in order to compensate for existing inefficiencies.
Finally, the findings reflect utility of the DREADDs approach to simultaneously and counter-directionally alter neural activity in separate brain areas. This has significant potential for studying the circuit dynamics underlying behavior, particularly in circumstances in which specific brain systems act either in concert or in competition to regulate behavior. Additionally, the manipulations and results described here set the stage for additional studies to identify in more detail the specific cell types and pathways involved in negative occasion setting.
